WT or DK-mut NEMO, VP16, or CPT could not activate In the present study, we have examined the role of IKK with DK-mut NEMO ( Figure 2C ). Accordingly, neither the NEMO ZF domain in the regulation of IKK activation IB␣ degradation nor NF-B DNA binding activity was by genotoxic stress. We provide evidence that these induced in the DK-mut cells upon stimulation with DNA stresses cause nuclear translocation of free NEMO via damaging agents ( Figure 2E ). Single lysine mutants site-specific SUMO-1 modification in a ZF-dependent showed only mild inhibitory effects ( Figure 2D ), sugmanner. We provide further evidence that nuclear localization of NEMO is required to permit subsequent ATMgesting that the other intact lysine compensates for the vation kinetics compared to WT NEMO ( Figure 5C ; see Discussion). Since direct conjugation of SUMO-1 to NEMO compensated for the ZF deficiency but failed to do so for the DK mutant ( Figure 4E ), we next evaluated whether ATM Is Dispensable for Sumoylation but Essential for Ubiquitylation of NEMO these lysine residues were also required for ubiquitylation. Induction of slower migrating bands could be Since DNA damaging conditions, especially those that induce DSBs, activate ATM and its related kinase ATR equally detected on both the SUMO-1-fused WT and ZF mutant of NEMO ( Figure 5B, lanes 2-3 and 5-6 ). These (Abraham, 2001), we next examined whether sumoylation and ubiquitylation of NEMO were regulated by these slower bands could be detected by the ubiquitin antibody (data not shown), indicating that an intact ZF was DNA damage-signaling kinases. We first evaluated the requirements of these kinases in NF-B activation by not required for this modification. In contrast, ubiquitin conjugation was not seen with the SUMO-1 conjugated VP16 treatment by employing the small interfering RNA strategy (siRNA) to knockdown their expression levels. DK mutant (lanes 8-9) . Thus, while SUMO-1 permitted nuclear accumulation of NEMO, lysine 277/309 were Both siRNAs against ATM and ATR effectively and specifically reduced the expression of corresponding kifurther required for subsequent ubiquitylation upon DNA Figure 7B , to the cytoplasm, the signaling mechanisms or the nalanes 3, 6, and 9, upper image). Collectively, our results ture of the "priming" events remain to be elucidated. indicated that even though free NEMO was first transloIn the NF-B signaling pathways, NEMO plays an escated to the nucleus in association with SUMO-1 modifisential role by permitting physiological regulation of the cation and then modified by ubiquitylation in an ATMcytoplasmic IKK complex. However, biochemical events dependent fashion, the IKK kinase activity that was that are necessary for NEMO to regulate IKK activity subsequently associated with NEMO was present in the are still unclear. In this study, we delineated sequential cytoplasm to activate NF-B.
regulatory posttranslational modifications of NEMO upon genotoxic stress induction, which begins with SUMO-1 conjugation. This modification was transient, signal seDiscussion lective, and not evident with LPS or TNF␣ stimulation. The signal specificity was in part due to the requirement Despite the vast knowledge accumulating from studies of the C-terminal ZF domain of NEMO for SUMO-1 modifocusing on signal transduction pathways emanating fication. The ZF is required for NF-B activation by DNA from cell surface receptors, very little is understood redamaging agents, but is dispensable for activation by garding nuclear-to-cytoplasmic signaling pathways. A LPS (Huang et al., 2002) . We further found that direct nuclear "priming" of Ste5, a scaffold for the yeast MAPK attachment of SUMO-1 to NEMO was sufficient to localpathway, has been found to be required for activation of this system from cell surface receptors (Mahanty et ize NEMO to the nucleus and overcome the ZF defi- ultimate IKK and NF-B activation was found to be cyto-3Ј; Ϫ strand, 5Ј-CGAUCAAGUGGAGACGGUAdTdT-3Ј) using a calcium-phosphate method as previously described (Huang et al., 2000a) .
plasmic. The simplest interpretation is to consider free
